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Abstract 
Decentralised energy sources, such as urban wind energy, have a number of well known 
advantages. However, accurately predicting urban wind resource is notoriously difficult due to 
the complexity of air flows in the urban boundary layer. Without sufficiently accurate methods of 
predicting this resource, there is the danger that small-scale turbines will be installed at 
unsuitable locations, which can be detrimental to the reputation of the wind energy industry. 
Additionally, viable sites may be overlooked, leading to the under-exploitation of small-scale 
wind in built areas. In this paper, we use an analytical down-scaling method to produce maps of 
mean wind speed as a function of height for a number of UK cities, via the use of detailed 
building data to estimate their aerodynamic characteristics. The predictions are shown to 
compare well with mean wind speeds measured at various locations, except at some sheltered 
sites which lie in highly complex regions of flow. We then consider the viability of urban wind 
energy at the city scale. The results suggest that residential properties in suburban areas are 
often unsuitable locations for rooftop turbines. However, there are many tall, unsheltered 
buildings in urban areas upon which turbines could access a substantial wind resource. 
Preliminary results suggest that in the city of Leeds, UK there are potentially over 8000 suitable 
turbine locations. These results should be informative for turbine suppliers and customers 
attempting to assess the viability of potential sites, as well as being instructive for policymakers 
developing subsidies for small-scale renewable energy projects. 
Keywords    Building mounted wind turbine, Micro-generation, Resource assessment, Small-
scale-wind, Urban wind energy, Urban wind speed estimation 
 
1 Introduction 
Decentralised energy sources in the form of micro-generation have a number of well know 
advantages:  they reduce dependence upon energy imports, avoid transmission losses, and 
allow individuals to be more responsible for their energy use. It has been suggested that 
potentially 40% of UK electricity could be sourced from micro-generation by the year 2050 [1], 
with small-scale wind energy contributing significantly to this. However, the industry is still in its 
infancy, particularly with regards to its application in urban areas. 
A major barrier to the effective deployment of wind energy in urban areas is the current lack of 
accurate methods for estimating wind speeds and energy yields at potential turbine sites. The 
long-term onsite measurements normally required to obtain accurate wind resource assessment 
are often not convenient for small-scale turbine installations. However, if sufficiently accurate 
analytical methods of urban wind resource prediction are developed then this could reduce the 
likelihood of customers purchasing turbines with unrealistically high expectations of energy 
yields, or companies installing turbines at unsuitable locations for ‘greenwashing’ purposes [2]. 
These unfavourable scenarios can be detrimental to the reputation of the wind energy industry 
as a whole. 
It is possible to estimate mean wind speeds over an area analytically, as a function of height, 
provided that both the regional wind climate and the roughness characteristics of the surface 
are known. This can be done by applying a ‘Wind Atlas Methodology’ [3], as is utilised in the 
Carbon Trust online wind estimator [4].  The process involves scaling wind speeds from a 
regional wind climate up to a height at which the frictional effect of the surface is absent, and 
then scaling back down accounting for the effect of the roughness of the surface upon the wind 
profile. However, within urban areas it is notoriously difficult to obtain accurate predictions using 
this type of methodology due to the complex frictional properties of urban surfaces and the 
influence of individual building aerodynamics upon the local wind resource [5]. 
In this paper an analytical methodology for predicting above-roof, mean wind speeds is tested in 
a number of UK cities. The methodology utilizes maps of aerodynamic parameters derived from 
detailed urban morphological databases [6], and considers wind directional effects. We use 
measured meteorological data from a number of cities spread throughout the UK to evaluate the 
methodology, namely Edinburgh, Leeds, Manchester, Nottingham, and Warwick. Finally, using 
Leeds as a case study, the predictions are used to assess the viability of urban wind energy at 
the city scale. 
  
2 Datasets 
2.1 Input Data 
2.1.1 Regional Wind Climate 
The prediction methodology requires the regional wind climate in the study area as an input. For 
this we use the freely available NOABL database [7], which gives wind speeds over the whole 
of the UK, at a resolution of 1km, which are valid at a height of 10m above a smooth surface. 
This database accounts for the influence upon wind speeds of the lands topography on scales 
greater than 1km. 
2.1.2 Aerodynamic Parameter Maps 
Along with the regional wind climate, maps of surface aerodynamic parameters over the study 
areas form the basis of the prediction methodology implemented in this paper. Specifically we 
use roughness length (z0) and displacement height (d) as inputs to the standard logarithmic 
wind profile: 
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where u* is the friction velocity, κ is the Von Karman constant (≈ 0.4), and z is the height above 
the ground.  
Generally, when aerodynamically parameterizing an urban area it is first divided into a grid of 
‘neighbourhood regions’, which are typically square and of a length-scale of around 0.25 - 1km 
[8-10]. Values of z0 and d are then assigned to each neighbourhood. In this work, we produce 
maps of aerodynamic parameters on both an adaptive grid and a uniform grid of 250m 
resolution for each of the five cities. Both of these grids are used in the prediction methodology, 
and when parameters from the uniform 250m grid are used we refer to these as the ‘local’ 
parameters. The values of z0 and d are calculated by inputting detailed urban morphological 
data [11] into a flow model [12]. This process is described fully in ref. [6] for the city of Leeds, 
where the adaptive gridding process is also described.  
There are two final points that should be noted. Firstly, the flow model [12] used to calculate the 
maps of aerodynamic parameters also outputs an additional parameter, namely the ‘effective 
mean building height’, hm-eff. Maps of hm-eff are therefore also produced by the process in ref. [6]. 
Conceptually, hm-eff is the average height of the unsheltered buildings in a neighbourhood, and it 
specifies the height below which Equation 1 can no longer describe the wind profile accurately. 
Secondly, it should be noted that the aerodynamic parameters calculated by the process in ref. 
[6] are a function of the incoming wind direction, and hence in the prediction methodology we 
consider 8 compass wind directions: N, NE, E, SE, S, SW, W and NW. 
2.2 Measured Validation Data 
To test the accuracy of the prediction methodology we use measured wind speed data from 21 
anemometers spread over the 5 cities. Basic information on these sites is given in the appendix 
table. The sites range from two-story suburban properties to medium-rise city-centre buildings 
and high-rise blocks of flats. They lie within local areas that can broadly be categorised as 
residential, industrial, university campus or city centre. Based upon the local geometrical details, 
each site is classified as ‘sheltered’ if it is either below the local mean building height or less 
than 2m above the building roof, otherwise it is classed as ‘exposed’. 
These validation data come from various sources including the Warwick Wind Trials [13] and 
numerous University and Met Office weather stations [14-16]. Measurement periods for all the 
sites lay within the five year period from the 1st of August 2006 to the 1st of August 2011, and 
hence for consistency the measured wind speed at each site (Umsr) is extrapolated to be 
representative of this five year period (U5yr). This is achieved by using a simple correction factor 
accounting for the seasonal and annual variation in wind speed measured at a nearby reference 
site. 
 
3 Prediction Methodology 
3.1 Overview 
Figure 2 illustrates the methodology used to predict the mean wind speed for a given height and 
wind direction, in a particular 250m square neighbourhood region. In this section an overview of 
the various stages is described.  
Initially, the wind speed at 10m above the ground from the regional wind climate (UN) is scaled-
up to the top of the urban boundary layer (the UBL; zUBL) which grows with increasing distance 
into the city. At this height the influence of the urban surface is assumed to be absent. The 
standard logarithmic wind profile from equation 1 is used for this up-scaling, with a reference 
‘open country’ roughness length of 0.14m (z0-ref). Therefore, the wind speed at zUBL is: 
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Next, UUBL  is scaled down through the UBL to the blending height (zbl), where the flow is 
considered to be horizontally homogeneous [17]. Again, the logarithmic profile is used, and 
hence the wind speed at zbl is: 
.    (3)
 
Here, the aerodynamic parameters, z0-fetch and dfetch, are calculated by considering the 
roughness values calculated for the land cover in the upwind fetch, via the method described in 
the following section. 
Finally, Ubl is scaled down to the turbine hub height (zhub) using the logarithmic profile. This layer 
of flow is considered to be adapted to the local neighbourhood region, and hence the local 
aerodynamic parameters (z0-local and dlocal) are used to estimate the wind speed at zhub: 
.    (4) 
 
 
Figure 2:  Schematic diagram of the methodology implemented in the current work 
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3.2 Model Parameters 
The first parameter in the methodology that must be calculated is the height of the UBL (zUBL). 
To estimate this, the formula of Elliot [18] for boundary layer depth is used, limited to a realistic, 
maximum depth of 500m [19-20]: 
.  (5)
 
Here, X is the distance to the upwind edge of the city (illustrated on Figure 2), and z0-ref and z0-eff 
are the ‘upwind’ and ‘downwind’ roughness lengths, respectively. Note that the constant in 
Equation 5 has been adjusted slightly from its original value of 0.75 to 0.65, as recommended in 
ref. [19]. Clearly determining the exact edge of a city, and hence X, can be quite subjective. 
However, the predicted wind speeds have a very low sensitivity to X, with the exception of those 
within a few hundred metres from the upwind city edge. 
In the first stage of down-scaling both the blending height (zbl) and the aerodynamic parameters 
of the upwind fetch (z0-fetch and dfetch) have to be calculated. It is difficult to estimate zbl 
accurately, although it is normally estimated to be between 2 - 5 times the local mean building 
height (hm-local) for urban surfaces [20]. In this paper we use an estimate for zbl of 2hm-local. 
In order to consider the effect of changing wind direction on the wind profile, we calculate z0-fetch 
and dfetch separately for eight different 45° wide sectors. To obtain z0-fetch for each wind direction, 
a blending method [21] is then applied to the values of z0 from the adaptive grid lying within 
each sector. The ‘effective’ roughness length output by the blending method for each wind 
direction is representative of the average, area-weighted frictional effect of the surface cover in 
that sector. Unfortunately, there are no equivalent blending methods available to calculate an 
‘effective’ displacement height for use as dfetch. Therefore, for each wind direction, dfetch is simply 
calculated as the mean of the displacement height values from the adaptive grid lying within the 
sector. 
3.3 Predictions within the Building Canopy  
Occasionally, it is necessary to predict wind speeds at heights lying below the effective mean 
building height, and in this case Eq.1 is no longer valid. At these lower heights, within the urban 
‘canopy layer’, the flow is highly complex and spatially variable, and wind speeds will generally 
be too low for turbines to operate. However, as illustrated in Figure 3, an approximation of the 
canopy layer wind profile can be made using an exponential profile [22]: 
, (7) 
where Uhm-eff-local is the wind speed obtained from the log profile at the local effective mean 
building height (hm-eff-local), σh is the standard deviation of the local building heights, and λf is the 
frontal area density of the local area. Both σh and λf are calculated directly from the 
morphological data, by the process detailed in ref. [6]. The inclusion of σh in this equation is 
suggested in ref. [23] to account for the influence of height variation upon the wind profile. 
3.4 Implementation 
To test the accuracy of the methodology, we make wind speed predictions at the measurement 
height (zhub) for each of the validation sites described in section 2.3. The methodology is 
implemented using Matlab© to give mean wind speed predictions as a function of height for 
each city, at a 250m resolution. Eight different predictions are made for each of the wind 
directions we consider. Subsequently, to obtain the final wind speed prediction at each site, we 
simply calculate a weighted average of these predictions. The weighting is based upon the 
temporal frequency of the wind from each of the eight compass directions as recorded at the 
nearby reference station from Table 1. 
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Figure 3:  Illustration of the down-scaling process of the prediction methodologies to hub heights 
below the canopy top. Parameters controlling the profiles are given in brackets. 
 
4 Results and Discussion 
4.1 Validation 
To evaluate the accuracy of the methodology, Figure 4 shows the correlation between the 
predicted (Upre) and measured (U5yr) wind speeds from all the validation sites. Figure 4 suggests 
that the predictions are significantly more accurate at the exposed sites than at the sheltered 
sites. This is expected as the sheltered sites lie in complex regions of flow where wind speeds 
are influenced strongly by individual buildings. Without complex site specific modelling these 
wind speeds are difficult to predict. To test this conclusion the average percentage errors are 
calculated: 
.    (8)
 
 
Figure 4:  Comparisons of predicted (Upre) and measured, 5 year corrected (U5yr) wind speeds 
for each prediction methodology 
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This error metric is calculated over the sheltered sites, exposed sites, and all the sites, giving 
errors of 38.5%, 12% and 19.5%, respectively. Considering the uncertainties in some of the 
model inputs this level of accuracy is acceptable. Furthermore, in order to access a significant 
wind resource, turbines will generally have to be placed at exposed sites, and these are the 
locations where the methodology has been shown to be most accurate. 
4.2 City Scale Variations in the Wind Resource 
In this section we consider the city-scale variation of the wind resource, using Leeds as a case 
study. Fig. 5 (left) shows the predicted wind speeds 10m above the local mean building heights 
for each neighbourhood region. It shows that the wind speeds at this height generally increase 
with increasing distance from the city centre. This reflects the fact that the surface roughness is 
higher in the region around the city centre, and the urban boundary layer is thicker.  
When the predicted wind speeds at the maximum local building height (i.e. the maximum 
building height within each grid square) are considered however, a different pattern emerges, as 
shown in Fig. 5 (right). It is now clear that much of the city, particularly the centre, contains tall 
buildings with significant rooftop mean wind speeds that are frequently over 5ms-1, and are 
comparable with those observed at typical rural sites. This is due to the fact that the city centre 
contains many tall, unsheltered buildings which can access relatively undisturbed winds despite 
the high roughness of the underlying surface. 
Conversely, in residential areas where each neighbourhood grid square is comprised of 
buildings of a similar height, the wind resource can often be quite poor, even at the maximum 
building height. This highlights the need for urban turbines to be mounted high enough to be 
clear of any sheltering from surrounding buildings and other obstructions, either by being 
located on tall buildings, or mounted on sufficiently tall masts, or ideally both. 
 
Figure 5:  Predicted wind speeds over Leeds (ms-1) at 10m above the local mean building 
heights (left) and at the maximum local building height (right) 
 
4.3 How Many Turbines could be installed in Leeds? 
Wind maps such as those shown in the previous section can be used to address questions such 
as “how many viable turbine locations might there be in Leeds”? To make a first attempt at 
answering this we use the building data for Leeds, in combination with the predicted 
neighbourhood average wind speeds at each height, to calculate the total roof area predicted to 
receive a wind speed greater than a specified minimum value. By making three assumptions, an 
estimate of the number of turbines that may be installed at viable locations in Leeds can be 
made.  
First, we must choose a value that is considered as the minimum viable mean wind speed for 
an installation. In reality, this value will depend on many factors such as turbine design, financial 
and environmental considerations. We choose here as an example, a mean wind speed of 4ms-
1, which is close to the cut in speed of many roof mounted turbines. However, considering the 
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 Figure 6:  The plot on the left indicates the total roof area throughout Leeds upon which a mean 
wind speed greater or equal to that indicated on the X-axis can be found. The map on the right 
shows the predicted, above-roof mean wind speeds (in ms-1) in a central area of Leeds. A mast 
height of 3m is assumed for both figures. 
 
current UK Feed in Tariff framework [24] we believe this value to be on the conservative side. It 
should also be pointed out that in any viability study, the predicted mean wind speed would be 
combined with a suitable Weibull distribution in order to describe the wind speed frequency 
distributions necessary for power predictions [25]. Second, a single mast height must be 
chosen. We specify this height as 3m, although it would be desirable for the mast height to be 
variable depending upon the building type and structure. Again, this may be a conservative 
estimate, as on larger properties mast heights of up to 10m are feasible. Finally, an assumption 
of the roof area required for each turbine must be made. We assume here that one turbine is 
installed every 100m2, which is the plan area of a typical domestic property in the UK, and 
hence this assumption is approximately equivalent to one turbine per house. Again however, it 
would be desirable for buildings to be considered on a case by case basis and this will be 
developed in future work. 
Fig. 6 (left) shows the total roof area throughout Leeds upon which a mean wind speed greater 
or equal to that indicated on the X-axis can be found. Fig. 6 (right) illustrates a snapshot of the 
data used for this calculation. It can be seen from Fig. 6 (left) that just over 0.8km2 of roof area 
in Leeds is predicted to have a wind speed of 4ms-1 or greater, at a mast height of 3m. 
Therefore, using the assumption that one turbine is installed every 100m2 of roof area, this 
calculation suggests that in Leeds there are potentially over 8000 viable roof-top locations for 
turbines to be installed. 
 
5 Conclusions 
We have used an analytical down-scaling method to produce maps of mean wind speed as a 
function of height for a number of UK cities, at a 250m horizontal resolution. The methodology 
utilized maps of aerodynamic parameters derived from detailed urban morphological databases, 
and considered both building height heterogeneity and wind directional effects. The predictions 
compare well with mean wind speeds measured at various locations, except at some sheltered 
sites which lie in highly complex regions of flow. 
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We then considered the viability of urban wind energy at the city scale using the city of Leeds, 
UK as a case study. It was found that much of the city, particularly the centre, contains buildings 
with significant roof-top mean wind speeds, comparable with those observed at typical rural 
sites. This is due to the fact that the city centre contains many tall, unsheltered buildings which 
can access relatively undisturbed winds despite the high roughness of the underlying surface. 
However, the results suggested that residential properties in suburban areas are often 
unsuitable locations for rooftop turbines.  
Preliminary results suggested that in the city of Leeds there are potentially over 8000 viable 
roof-top locations for turbines to be installed. A number of simplifications were made in the 
calculation, and future work will aim to refine this estimate by considering buildings on a case by 
case basis. These results should be informative for turbine suppliers and customers attempting 
to assess the viability of potential sites, as well as being instructive for policymakers developing 
subsidies for small-scale renewable energy projects. 
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Appendix 
 
Table 1:  Basic information on the measurement sites used for model validation 
UofL (8m) Leeds University Validation 1.92 86 University of Leeds
UofL (12m) Leeds University Validation 1.92 86 University of Leeds
LCC (12m) Leeds Industrial Validation 2.33 98 Leeds City Council
LCC (32m) Leeds Industrial Validation 2.33 98 Leeds City Council
Church Fenton 20km E of Leeds Airport Reference 5 99 MIDAS site 533
Lillington Road Leamington Spa Residential Validation 0.95 100 Warwick wind trials
Hill Close Gardens Warwick Residential Validation 0.98 100 Warwick wind trials
Princess Drive Leamington Spa Industrial Validation 0.67 93 Warwick wind trials
Eden Court 1 Leamington Spa Residential Validation 0.88 89 Warwick wind trials
Eden Court 2 Leamington Spa Residential Validation 0.88 89 Warwick wind trials
Southorn Court 1 Leamington Spa Residential Validation 0.96 100 Warwick wind trials
Southorn Court 2 Leamington Spa Residential Validation 0.96 92 Warwick wind trials
Ashton Court 1 Leamington Spa Residential Validation 0.78 100 Warwick wind trials
Ashton Court 2 Leamington Spa Residential Validation 0.84 91 Warwick wind trials
Coventry 12km N of Warwick Residential Reference 5 99 MIDAS site 24102
EdiWeaSta Edinburgh University Val & Ref 5 98 University of Edinburgh
Napier Edinburgh University Validation 0.89 95 Warwick wind trials
Holme Library Manchester City centre Val & Ref 5 100 MIDAS site 18904
Whitworth Manchester University Validation 0.79 99 University of Manchester
Sacksville St. Manchester City centre Validation 1 100 University of Manchester
Watnall Nottingham Residential Val & Ref 5 100 MIDAS site 556
University Nottingham University Validation 1 100 Warwick wind trials
Delta Court Nottingham Residential Validation 0.68 91 Warwick wind trials
LocationSite name
% Data
capture Original source
Measurement
period (yrs)Used forLocal area
